Investigated here is a novel approach to the sidelobe suppression for noise synthetic aperture radar (SAR). The suggested strategy is a stable realization of apodization filtering (SRAF) with detailed implementation. Base on SRAF, a specific algorithm for noise SAR sidelobe suppression is proposed combining with range-Doppler (RD) algorithm. It applies SRAF to range correlation and azimuth compression to control sidelobes. The mathematic representations are presented and experimentation is performed. This algorithm proved that it can depress the sidelobes effectively and keep the energy of the mainlobe. Besides, it is not sensitive to noise disturbance and can avoid obvious SNR degradation.
Introduction
Synthetic aperture radar (SAR) is a kind of high resolution imaging radar in which backscattered microwave pulses are collected by an airplane or satellite [1] . Noise radar refers to radar whose transmitted signal is a microwave noise or is modulated by noise source. It performs pulse compression via direct correlation in time domain [2, 3] . Noise SAR combines noise radar and SAR technique with both advantages of the two individuals, and it has become a useful sensor in many applications [4, 5, 6, 7] .
The pulse responses of noise SAR along range and azimuth generally suffer from high sidelobes due to the finite two-dimensional frequency domain support of imaging system, therefore, sidelobe reduction is significant to noise SAR. Some sidelobe suppression methods have been proposed [8, 9, 10] , however, they are not consistent with the direct range sampling in time domain of noise SAR. Apodization filtering is proposed to solve sidelobe problem of noise radar, and it has been proved feasible and effective [11] , whereas many problems still to be resolved about it. For instance, realization process is not stable, restrictive conditions are excessive, etc.
In this study, a modified apodization filtering technique SRAF is proposed. The noticeable advantage of SRAF is stable realization. Moreover, it expands the traditional filter from using in range filtering to both in range and azimuth filtering. This paper is organized as: Section 2 introduces the proposed method SRAF. Section 3 presents the algorithm that applying SRAF to noise SAR sidelobe control. And experimental results are discussed in Section 4. Finally, conclusive remarks are provided in Section 5.
Principle and process of proposed algorithm

Principle of apodization filtering
In Fourier analysis, the frequency domain data is multiplied by window functions to achieve great reduction of sidelobes. In terms of convolution theorem, multiplication in frequency domain is equivalent to convolution in time domain, so that a corresponding filter in time domain can be obtained. Apodization filtering technique is using time domain filtering to get high resolution output [11] . The principle can be expressed as
where A(τ ) is original response with obvious sidelobes, G(τ ) is prospective response with great sidelobe suppression, F(τ ) is the goal filtering function, and ⊗ denotes convolution operation. The response generally is discrete, so Eq. (1) should be rewritten to matrix form that is shown as
where K is coefficient matrix, F and G are filtering vector and desired response vector that are the sampled versions of F(τ ) and G(τ ).
Specific processing of SRAF
From above, the objective is getting filtering vector F that can be denoted as
where n is the filter length that should be determined in advance. Getting F is solving a first kind integral equation which generally represents ill-posed system, so that the stability of the adopted method is as important as its efficiency. The proposed method is introduced with great stability, and it contains three important steps that getting coefficient matrix, getting desired response vector and resolving equation to find filtering vector. Coefficient matrix K and desired response vector G should be obtained firstly. The digitized form of original response A(τ ) can be expressed as
where m i (i = 1, 2 · · · k) are elements of mainlobe, m is the dimension of A. The matrix K can be constructed by Eq. (5)
The desired response G is selected as follows: set the amplitude of all the sidelobe points to be zero, and set the amplitude of the mainlobe points to be same as original response A. It can be determined as
where m i (i = 1, 2 · · · k) are located at the center of G. After getting the K and G, a suitable approach to finding the filtering vector should be applied. Considering our problem, a sequence with finite length should be utilized to approach the true solution which makes plentiful nonzero elements of original response become zero. Thus the solution must have several discontinuous points. Total variation (TV) method is introduced to solve our problem with advantage of non-restricting solution to be smooth [12] . It is able to retain the discontinuous boundary of the solution. The equation as Eq. (7) with initial guess solution F 0 = [0, · · · , 0] T n×1 should be iteratively resolve.
where α > 0 is a regularization parameter determined by L-curve, Q is a diagonal matrix, the subscript of Q and superscript of F denote iterative steps. The matrices ofD and Q m can be obtained by Eq. (8) and Eq. (9).
where a and b are 0.665 and 0.1755 [12] , k = 2, 3, · · · , n represents the kth element of F m , β is a non-negative parameter that can be regulated. Besides, Q m (1, 1) = [F m (1)] 2 + β 2 . Through iteratively solving Eq. (7), we can successively obtain F 1 , F 2 , F 3 , · · · until F n which is convergent to threshold. Let F = F n as the filtering vector, the result of multiplying coefficient matrix K with filtering vector F is the filtered output with great suppression of sidelobes. The flowchart of SRAF is shown as Fig. 1 .
Sidelobe suppression for noise SAR based on SRAF
The noise SAR system is demonstrated as Fig. 2 a) . The range pulse compression performance is weakened if the emitted signal passes through a band-pass filter before transmission. The experiments show that the peak sidelobe level ratio (PSLR) and integrated sidelobe level ratio (ISLR) of correlation outputs fluctuate at −13.6 dB and −9.8 dB. The pulse response along azimuth is sinc function with high sidelobes level. Therefore, sidelobe reduction both of range and azimuth response is of particular importance. SRAF can be used in range correlation and azimuth compression to suppress sidelobes for noise SAR imaging process. Here, SRAF is combined with range-Doppler (RD) algorithm, which is short for SRAF-RD, as presented in Fig. 2 b) .
As can be seen from Fig. 2 b) , left is the flowchart of SRAF-RD and right is the corresponding mathematic representations. The parameters in Fig. 2 b) are illustrated as follows: c is the speed of light, λ is the carrier wavelength, τ is the fast (range) time while η is the slow (azimuth) time, R 0 is the vertical distance between the target and the flight route, R ref is reference range supplied by delay line, f a is azimuth frequency, K a is azimuthfrequency rate equaling to 2v 2 /(λR 0 ) where v is the velocity of the sensor, B a is the bandwidth of azimuth, and C is a constant. The functions in Fig. 2 b) are explained as: S 0 (τ ) is the band-limited transmission signal, R(η) is the instantaneous range modeled as [R 0 2 + (vη) 2 ] 1/2 , G(η) is the weighting in azimuth from the antenna pattern, PSF(·) and sinc(·) are the results of range correlation and azimuth compression with high sidelobe level, while PSF new and sinc new are results after range SRAF and azimuth SRAF with great sidelobes reduction.
Implementation and experimental results
In this section, experimental results are provided to illustrate the effects of SRAF implemented on noise SAR imaging. The system parameters are shown as follows: carrier wavelength λ = 0.3 m, transmission signal bandwidth B r = 100 MHz, pulse duration T r = 10 μs, sampling time interval Δτ = 5 ns, pulse repetition frequency PRF = 400 Hz, sensor velocity v = 200 m/s, and slant range of scene center is 11.8 km. The filtering length for the range and the azimuth directions are 2000 and 600 that approximate the range and the azimuth sample points counts. Fig. 3 demonstrates the imaging results before and after SRAF process. Fig. 3 a) and Fig. 3 b) are the profiles along the range direction and the azimuth direction of noise SAR image, where solid line are the results filtered by SRAF, and broken line are the original outputs without process. From Fig. 3 a) and Fig. 3 b) , we can deduce that after SRAF filtering, the PSLR and ISLR of range output decrease from −13.56 dB and −9.73 dB to −35.98 dB and −21.66 dB, respectively, while the corresponding values of azimuth output vary from −13.44 dB and −10.52 dB to less than −60 dB. Besides, the mainlobe is not broadened whose energy is kept well. Fig. 3 c) and Fig. 3 d) show the imaging results of a point target without any disposal and weighted by SRAF. Compared the two figures, there is a great suppression both of the range sidelobes and the azimuth sidelobes after SRAF. The presence of noise disturbance is also considered to test the anti-disturbance performance of SRAF and the SNR degradation. The results are illustrated as Fig. 3 e) and Fig. 3 f) . As the two figures shown, they are the range profiles and the azimuth profiles of the outputs without and after SRAF when SNR = 10 dB and SNR = 20 dB. After SRAF filtering, the power of useful information is kept well while the noise is suppressed effectively, so the outputs don't appear obvious SNR degradation. SRAF is not sensitive to the SNR of the original signature, because the range correlation efficiently depresses the influence of noise due to the non-correlation between the transmission signal and noise disturbance. 
Conclusion
In this work, a novel sidelobe suppression algorithm SRAF is applied to noise SAR imaging. This is a stable realization strategy for apodization filtering with three steps: getting coefficient matrix, getting desired response vector and using TV in solving equation to find filter vector. The pulse responses of noise SAR along the range and azimuth have high sidelobes levels in respect that the two-dimensional frequency domain support is finite. We combine SRAF with RD algorithm to control noise SAR sidelobes. The experimental results show that this algorithm is efficient in both range response and azimuth response. After SRAF process, sidelobe reduction of greater than 20 dB is possible and mainlobe energy is kept well. Moreover, the presented method is not sensitive to the SNR of the original signal and can avoid ob-vious SNR degradation. Therefore, we can obtain high-quality noise SAR images using SRAF.
